In recent decades the management of large game mammals has become increasingly intensive in south central Spain (SCS), resulting in complex epidemiological scenarios for disease maintenance, and has probably impeded schemes to eradicate tuberculosis (TB) in domestic livestock. We conducted an analysis of risk factors which investigated associations between the pattern of tuberculosis-like lesions (TBL) in wild boar (Sus scrofa) and red deer (Cervus elaphus) across 19 hunting estates from SCS and an extensive set of variables related to game management, land use and habitat structure. The aggregation of wild boar at artificial watering sites was significantly associated with an increasing risk of detecting TBL in both species, which probably relates to enhanced opportunities for transmission. Aggregation of wild boar at feeding sites was also associated with increased risks of TBL in red deer. Hardwood Quercus spp. forest availability was marginally associated with an increased risk of TB in both species, whereas scrubland cover was associated with a reduced individual risk of TBL in the wild boar. It is concluded that management practices that encourage the aggregation of hosts, and some characteristics of Mediterranean habitats could increase the frequency and probability of both direct and indirect transmission of TB. These findings are of concern for both veterinary and public health authorities, and reveal tuberculosis itself as a potential limiting factor for the development and sustainability of such intensive game management systems in Spanish Mediterranean habitats.
INTRODUCTION
Tuberculosis (TB) is a low-induced immunity [23] and chronic infectious dis-proportion of herds officially considered TB free in the country in 2004 was over 99%), but only a moderate decreasing trend has been observed in southern areas, where the proportion of herds officially considered free of TB in 2004 was only 95% [22] . The re-emergence of TB and continued failure to eradicate the disease in livestock in many countries have been related to reservoirs of infection in wildlife populations (e.g. [1, 36] ). However, it is simplistic to assume that infection in cattle is due entirely to an inherent reservoir in wildlife [8] . Nevertheless, further understanding of the main factors affecting the persistence of TB in wildlife is likely to be valuable in the development of sustainable approaches to managing the disease in livestock. During recent decades, extensive changes in land-use in Spain have been followed by a marked increase in the abundance and distribution of wild ungulates [9, 30] , and the development of a commercial recreational hunting industry, especially in south central Spain (SCS). In order to increase hunting harvests, highwire fences have been employed on a large proportion of estates to contain wild ungulates. These populations have essentially become captive, and artificial feeding and watering is usually provided during all or part of the year. TB in wildlife appears to be endemic across a broad geographic region, coincident with the traditional big game hunting areas of SCS [11, 14, 26, 34] . Data suggest that TB in wild boar (Sus scrofa), red deer (Cervus elaphus) and cattle is an endemic and low incidence infectious disease [11, 26] . Although interspecific transmission rates have never been described, recent work has shown that wild boar and red deer share similar strains from the Mycobacterium tuberculosis Complex [11] . Across this area, tuberculosis-like lesions (TBL) in ungulate populations have been employed as a criterion to evaluate disease distribution using large numbers of animals [34] .
This research revealed that TBL in both species were spatially associated, and that the prevalence of TBL was consistently higher in wild boars than in red deer [34] . Within this complex multi-host scenario, the prevalence of TBL in wild boar did not vary according to whether populations were or were not cohabiting with red deer, suggesting involvement of wild boar as a reservoir [34] . This situation is of concern for veterinary and public health authorities (e.g. [7, 11, 21] ) since game ungulates could potentially act as TB reservoirs for domestic livestock. Therefore, understanding the risk factors associated with TB infection in these ungulates is fundamental to the development of effective TB control policies.
Epidemiologic evidence is often the best first step in identifying disease reservoirs and revealing associated risk factors [13] . To date no research has identified management and habitat correlates of TB in wild boar and red deer populations in Spanish Mediterranean habitats. Such information may also provide insights into transmission dynamics at the big game/livestock interface. Our aim was to identify the major management and environmental factors associated with the occurrence of TBL in wild boar and red deer in these areas.
MATERIALS AND METHODS

Study sites
Data were collected at the individual level, and at the hunting estate level (as a discrete management unit). A variety of hunting estates may be found across SCS, which can be classified as containing captive fenced cervid populations (large enclosures, generally at relatively high densities [12] ) or having free-ranging native cervid populations (not enclosed). In addition, a small number of deer farms are present in Spain, although no data were available to include them in the present study. Both wild boar and red deer were present on all the study sites.
Study sites were located on the south of the central Spanish plateau. This is a hilly area (altitude of sampling sites ranged from 600 to 1100 m a.s.l.), which consists of the Montes de Toledo and Sierra Morena mountain chains. The Guadiana river valley, a fragmented Mediterranean habitat, connects them both. The habitat is Mediterranean and characterised by Quercus ilex forests and scrublands (dominated by Cystus spp., Pistacia spp., Rosmarinus spp., Erica spp. and Phyllirea spp.) with scattered pastures and small areas of crops. Annual rainfall is extremely variable (ranging from 300 to 700 mm) and the climate is Mediterranean with a continental influence. The wet season typically starts in September-October and contributes most of the annual rainfall. The dry season (from June to September) is when food and water resources become limited for ungulates. Seasonal streams cross many of the estates but in most of them, water is retained in artificial waterholes all year around. These waterholes consist of small ditches across the riverbeds. In these Mediterranean woodland habitats, most of the hunting estates are devoted exclusively to recreational wild boar and red deer hunting, and only a few still maintain traditional livestock. Nevertheless, cattle had been present on most estates until they were fenced for hunting purposes, several decades ago. Other land use, such as arable and extensive sheep and goat farming are more frequent in most non-fenced hunting areas.
Sampling and diagnosis
Data were collected from a crosssectional national survey of TB infection in wild boar and wild Iberian red deer at 19 sites (Tab. I) in SCS, within a 50 000 km 2 area concentrated on the provinces of Ciudad Real and Toledo (region of Castilla-La Mancha, N = 14) and border areas (regions of Andalucía, N = 4; and Extremadura, N = 1). Geographical coordinates are from 37 • 13' 48" N to 39 • 31' 43" N in latitude and 06 • 34' 06" W to 2 • 25' 54" W in longitude ( Fig. 1 ). Sampled hunting estates ranged in size from 408 to 19 328 hectares. We chose a sample of sites that exhibited a range of management factors, variations in deer and wild boar abundance and landscape diversity. Sampling took place during the regular hunting seasons (October-February), from October 1999 to February 2004. We obtained data from 574 red deer and 412 wild boar culled by hunters in the different estates. In the field, we arbitrarily sampled a random age and sex stratified subset of individuals of each species. A necropsy was performed, including detailed determination of morphometry, weight, and sex. Based on tooth eruption patterns, boars between 7 and 12 months were classified as either juveniles (N = 92), sub-adults of between 12 and 24 months (N = 154), or adults of over 2 years of age (N = 161) [29] (approximate age could not be determined for 7 individuals). In the case of the red deer, age was determined from sectioning incisor 1 [18] and animals were grouped into subadults (3 to 4 years) N = 167 and (4) adults (≥ 5 years) N = 396 (approximate age and sex could not be determined for 11 individuals).
The presence of TBL was diagnosed by necropsy of the entire animal with macroscopic inspection of lymph nodes and abdominal and thoracic organs. Lymph nodes were dissected and sectioned serially and systematically examined for gross lesions (see [10, 11, 34] for details). The presence of TB infection at the level of the estate was confirmed by culture and using data from a separate molecular study, which was based on a sub-sample of the same animals [11] . Some misclassification could have resulted from the omission of confirmatory cultures from all animals, but it was impossible to quantify how such bias may have influenced prevalence estimates for both species. Nevertheless, TBL criterion provided relative values that were comparable between localities, and permitted exploratory analyses of risk factors. The diagnostic value of TBL for epidemiological analyses in the study area is further discussed in [34] .
Management and environmental variables
We visited the sampling sites in September 2002, immediately before the hunting season, in order to obtain field estimates of the relative abundance of wild boar and red deer and habitat variables. The habitat and management variables considered in the study were chosen on the basis of their likely epidemiological relevance and potential influence on the characteristics of wild ungulates and livestock (Tab. II). Habitat use and structure in the 19 study areas were recorded at points spaced every 200 m along linear transects (N = 20 points per estate) and were used to calculate mean values for each estate. Interviews were carried out with gamekeepers to characterise the management practices employed on each estate. Data was collected on general estate-related features, watering sites (availability and number of artificial waterholes and natural water bodies on each estate), feeding practices, the number and location of livestock (and their exposure to wild ungulates) and the presence of other large game species (Tab. II). All variables were related to the year 2002.
Estimation of red deer and wild boar relative abundance
Wild boar relative abundance estimates were based on dropping frequency counts [31] . Briefly, each count consisted of N = 40 transects of 100 m, divided into 10 sectors of 10 m in length. Dropping frequency was defined as the average number of 10 m sectors with wild boar droppings present in each transect (DF = ΣDi/n; where "D" is the number of dropping-positive sectors and ranges from 0 to 10, and "n" is the number of 100 m transects, usually 40). Red deer relative abundance data was obtained by spotlighting at night. Counts were transformed into indices of abundance per km [35] and to deer per ha [17] (mean transect length 14.84 ± 13.90 km). At least one experienced observer (Joaquin Vicente and Christian Gortazar) participated in each transect.
Statistical analysis
Non-parametric Mann-Whitney tests were used to compare TBL prevalence between fenced and open estates for wild boar and red deer, respectively. Quantitative exploratory analysis of risk factors for TBL was carried out using a two-stage analysis. First, the associations between the hypothesised risk factors and wild boar and red deer TBL prevalences (%) respectively, were analysed using Spearman Rank correlations (N = 19). All the factors that captured the effect of any set of highly correlated variables for which P < 0.1 were selected for inclusion in the final models for each species (Tab. II). For categorical variables, nonparametric Kruskall-Wallis analysis was used for initial assessment of associations, and selected variables were then jointly evaluated in a multiple logistic model. The individual TBL status of wild boar (N = 407) and red deer (N = 565) were the respective response variables (as binomial variables, i.e. present or absent) in two separate models. Since sampling across different populations was not homogeneous in relation to age and sex, and because previous work suggested these factors were influential [34] , statistical analyses were conducted at the individual level to control for them. Age was included as a continuous discrete explanatory variable in models Table II . Variables included in the study, indicating which were significantly associated with TBL (excluding other highly correlated variables) in wild boar a and red deer b models (r S , P < 0.1, N = 19).
Estate-related features and management practices
General: Geographic location, area (ha), boundaries limiting with big hunting estates (%), introductions or purchasing (binomial), captures (binomial), predator control (binomial), agricultural lands for hunting (ha and % related to the estate), fencing status (binomial), years since fencing a , boundary fenced (%) Supplemental feeding: Supplemental feeding for wild boar (binomial), Supplemental feeding for red deer (binomial), feeding method (binomial: spreading or provided in feeders), wild boar and red deer sharing feeding sites (binomial), wild boar feeding site density, red deer feeding site density, number of wild boar per feeding site index b (wild boar dropping frequency abundance index/wild boar feeding site density), number of red deer per feeding site b (deer per 100 ha/red deer feeding sites density), baiting previous to hunting season ( for both wild boar and red deer and sex was included as a categorical binomial explanatory variable in the red deer model. To standardise comparisons, we included in the analysis only wild boar over 7 months old and only red deer over 2 years old [34] . The number of non-fenced facilities (2 out of 19 sampling sites, see Tab. II) was too small to support a separate statistical analysis, and thus they were excluded from the analysis. We used a stepwise strategy to obtain the final model.
Mantel tests [19] were used to assess the spatial association between TBL prevalence in wild boar and red deer across different estates, respectively. One matrix was a measure of dissimilarity between every pair of estates in terms of their TBL prevalence (the difference), whilst the second was the Euclidean distance between estates. The Pearson correlation coefficient between the elements of the matrices was used as the test statistic and its significance was assessed by permuting the row labels of one matrix relative to the other five thousand times [19] . The distance between estates was assumed to be the distance between their nearest sampling points used to characterise environmental and management features, and was calculated with the "Distance Operator" tool of Idrisi 32 software version I32.21 (The Clark labs. , Clark University, Massachusetts, USA). Statistical significance was assumed wherever P < 0.05. We employed SPSS 10.0.6 (SPSS Inc., 1999) and Genstat (Genstat 5 Committee 1993) statistical packages.
RESULTS
Characteristics of the sampling estates and populations
Habitat use and structure, and management practices in the study estates are described in Table III . The most common habitats in the study area were Quercus spp. forests (Evergreen oak Quercus ilex as predominant species), open pasture with Quercus spp. trees (savannah-like habitats typically known as "Dehesas") and Mediterranean scrublands (Cistus spp. and Quercus spp. as predominant species).
Fifteen of the 19 study estates were completely fenced and two were incompletely fenced (60% and over 95% of the perimeter respectively, the latter considered as fenced for statistical analyses) when the interviews were performed. Seven out of the 19 study sites fed wild boar artificially all year round and only 12 provided food to wild boar in the form of bait immediately before and during the hunting season. Amongst the 19 sites, red deer were fed regularly all year round at eight, while 12 (including those feeding all year round) provided food as bait both immediately before and during the hunting season. Seven out of the 19 study estates fed both wild boar and red deer all year round. Domestic sheep were kept on only three of the study estates and neither cattle nor goats were present on any. Thirteen of the interviewed game managers reported finding emaciated and moribund wild boar and/or red deer, mainly in the summer and usually near watering sites, although these were not specifically associated with TB infections.
Risk assessment
The distribution of TBL across wild boar and red deer populations from the study sites is shown in Table I and Figure 1 . No statistical significant spatial association was found between the dissimilarity values for the TBL prevalence per estate and the Euclidean distance between them for either species (wild boar Pearson r = −0.10, N = 171; P = 0.80, red deer Pearson r = −0.13, N = 171, P = 0.87).
Those potential risk factors that were selected for inclusion in subsequent models are shown in Table II (the correlation coefficients ranged from 0.39 to 0.64 in absolute value). For both the wild boar and red deer these models included an aggregation index for wild boar at watering sites (Fig. 2) , the wild boar dropping frequency index (an abundance estimate) and the availability of Quercus spp. forest habitat and grass cover. Aggregations of boar and red deer at feeding sites were included only in the red deer model. The definitive logistic models fitted adequately (Hosmer and Lemeshow goodnessof-fit test: χ 2 = 4.48, d.f. 8, P = 0.81, χ 2 = 11.33, d.f. = 8, P = 0.18 for wild boar and red deer, respectively). However, neither model explained the majority of the variation in the data (R 2 Nagelkerke = 0.15, R 2 Nagelkerke = 0.13 for the wild boar and red deer respectively). In both cases, the null hypothesis (H 0 ) of β = 0 was rejected (Wald χ 2 , P < 0.05 in both models). The results of the wild boar and red deer models are shown in Table IV . For significant terms in the models, confidence intervals for the Wald statistic did not span the null Odds ratio (exponentiated β) value in any case (Tab. IV). The aggregation of the wild boar at artificial watering sites was significantly associated with an increased risk of TBL presence in both species (Figs. 2a  and 2b) . Aggregation of the wild boar at feeding sites significantly increased the risk of TBL presence in red deer (the index value was over twice as high in TBL positive animals compared to negative animals). Scrubland cover was significantly associated with a decreased individual risk of TBL presence in the wild boar, and there was a marginal positive association (P = 0.06, Tab. IV) between the availability of Quercus spp. forest habitat and the risk of testing positive for TBL.
DISCUSSION
The results of this study confirm previous findings by the authors [34] , in suggesting that differences exist between estates in terms of not only the presence, but in particular in the prevalence of TBL. To date it has been unusual to find a TBL-free ungulate game population in SCS. The main finding of the present study is the association between the aggregation of hosts (mainly a consequence of hunting management in Mediterranean habitats) and the presence of TBL in potential TB reservoirs. Previous re-ports suggested similar relationships for other infectious pathogens in the study area [31] . Our spatial analyses of the TBL pattern across estates revealed that management units close together in space did not tend to be similar in terms of TBL prevalence, which suggests that there was no spatial aggregation (which would lead to spatial autocorrelation in our data). In other words, after accounting for individual factors (which are species-specific) management scale factors seemed to be more influential in explaining differences in TBL prevalence between estates than their spatial location. This suggests that the management characteristics of each estate are the major determinants of disease transmission, and should therefore be considered as the appropriate target for control policies. For example, in the present paper estates that were geographically close sometimes had very different levels of TBL (e.g. study sites in the Toledo Mountains exhibited TBL prevalence from 18% to 90% in wild boars, Fig. 1 ). The sampling design we employed included a broad variety of hunting management practices and Mediterranean landscapes from throughout SCS (Tab. III). For instance, the number of red deer per feeding site, the index of wild boar per feeding site and the proportion of open grassland (cultivated dehesas, pastures for big game) varied widely amongst estates, although unfenced populations were under-represented. Red deer and wild boar on fenced estates can be considered as semi-domestic livestock and are now present in SCS at far higher densities than several decades ago [9, 30] ,
where TB has become established as a selfmaintained, endemic disease [14, 34] . The potential influence of game management intensification on TB dynamics may be illustrated by the positive association at the estate level between the time at which an estate was fenced and the prevalence of TBL in wild boar populations. The present analyses of risk factors constitute a correlational study, so cause and effect cannot be demonstrated, and we therefore consider our conclusions as exploratory. These analyses included variables related to both management practices and habitat structure; nevertheless, it is difficult to isolate the effect of a particular component. For example, the aggregation of animals at waterholes created on natural riverbeds is a factor related to both management and natural features of Mediterranean habitats. Management of ungulates in these habitats tends to promote aggregation of ungulates, and subsequently enhances opportunities for transmission. This may arise because ungulates come into contact with a higher proportion of individuals either at the inter-and intraspecific levels, or with a more heavily contaminated habitat (i.e. direct and/or indirect mycobacteria transmission). In particular, we found that the potential aggregation of wild boar at watering sites significantly increased the risk that an individual was TBL positive, in both host species. These findings were in agreement with the known health risks to small game in southern Spain associated with artificial feeding and water provision [15, 20] . The frequency of contact between wild mammals at watering sites could increase during the drought season (summer), since the few water holes are more intensely used. TB spread may occur by ingestion or inhalation of nasal and oral excretions from coughing or sneezing of infected individuals or from infected dust particles [5] . Spread may also occur indirectly from contaminated vegetation, water, mud or fomites [24] . It is known that oral excretion from affected mandibular lymphnodes occurs through fistulae [10] . Wild boar activity around these places (such as wallowing, brushing, drinking, defecating, urinating, and mating) may enhance the possibilities of environmental contamination and TB transmission. Watering sites may also concentrate mating behaviour and brushing at the end of the summer in red deer [4] . In addition, the practice of providing artificial water at these sites may cause the formation of a multiple "piosphere" effect, which consists in the existence of a zone of high ungulate utilisation in woody vegetation extending far beyond the area [2] , and subsequently, an increased risk of indirect transmission. Models for each species suggest that interspecific indirect transmission at these sites is probably more likely to occur from the wild boar to red deer. Both the wild boar and red deer have shared free access to watering sites, although more research is needed concerning the use and inter and intraspecific interactions at these points. For some potential hosts the main route of TB infection may be ingestion of infected carrion [28] , and in the study sites described here TB-infected carcasses and subsequent scavenging by wild boars both occur (the authors, unpublished observations). In addition, se-vere droughts in Mediterranean habitats and seasonal scarcity of water resources may exacerbate the effect of TB infection on hosts [3] and, watering (and also feeding) sites may attract tuberculous animals in the advanced stages of infection (the authors, unpublished observations). Watering sites used by domestic livestock could also be frequented by wild ungulates.
The presence of TBL in red deer was positively associated with the abundance of wild boar per feeding site index. This may be explained in part by indirect interspecific transmission opportunities, which seem most probable in the direction of wild boar to red deer than vice versa. Deer have free access to wild boar supplementary food since this is provided by spreading on the ground. The prevalence of TBL in the wild boar is higher than in red deer, and they may contaminate the environment with mycobacteria in places where the two species co-exist [10] . In contrast, red deer are fed with cereals or concentrate pellets, frequently given in elevated feeders, which are not accessible to wild boar. M. bovis can survive for extended periods of time on different types of animal feeds (unpublished data cited by [27] 1 ). The importance of transmission by direct contact (aerosol transmission) or by indirect contact via contamination of feed sites has been demonstrated in white-tailed deer (Odocoilus virginianus) in Michigan [10, 25] . However, we failed to detect any significant relationships consistent with intraspecific transmission of TB amongst deer at feeding sites. Higher prevalences of TBL in red deer in the present study area compared to previously published estimates have been suggested to be due in part to interspecific transmission from wild boar [34] , but confirmation requires more observational and experimental research.
A decreased TBL prevalence in wild boar (and in red deer in the initial stage of analysis) was seen in estates with higher percentages of scrub cover. Scrublands provide food for deer to browse but since they are less attractive to wild boar, interactions and opportunities for transmission between the two species are less likely. Conversely, the presence of TBL in individual wild boar and in red deer at the population level, were marginally (P = 0.06) and positively associated with the availability of Quercus spp. forest (Mediterranean hardwood). Miller et al. [21] suggested that woodland areas provide shady, moist conditions under which M. bovis might survive longer in the environment. Quercus spp. woodlands could provide the best available environment for mycobacteria persistence in Mediterranean habitats, where rainfall is highly variable amongst seasons, but retention of moisture in woodlands may favour the environmental persistence of mycobacteria [32, 33] . Such habitats become more important in an epidemiological sense if they are positively selected by hosts. Quercus spp. acorns from Mediterranean woodlands are intensively foraged by wild ungulates during the autumn. If environmental contamination exists, wild boar and red deer feeding in the area (by rooting and muzzling while searching for acorns) could either ingest or inhale mycobacteria. Acorn grazing is also a common practice in free-roaming Iberian pigs in large areas of southern Spain [26] and hence infectious interactions could occur.
In both species, levels of TBL in unfenced estates overlapped with the range found for fenced populations (Tab. II), suggesting that factors other than fencing and provisioning may be also important determinants of TBL prevalence. This finding also raises the possibility that captive wildlife may act as disease reservoirs and risks for native free-ranging wildlife in addition to domestic livestock. Since unfenced populations were numerically under-represented in the present study, further research is required for a robust comparison of fenced and unfenced estates.
The current study represents an initial identification of the potential epidemiological risk factors that may be important in the development of strategies aimed at controlling TB in Spain. Wild game ungulates are not currently considered in disease control programmes, but recent studies, including the present work, suggest that to do so could have significant consequences for disease control efforts. Host populations enclosed by a fence (more or less permeable) are similar in many ways to extensively managed livestock, and therefore could be referred to as captive or semidomesticated animals. However, a precise definition for large game mammals in fenced estates is problematic since management systems vary widely [12, 16] . This is even more complex for the ubiquitous wild boar, which is easily able to "undercross" fences.
Although bovine TB in wildlife is likely to have originated from domestic cattle [24] , wildlife reservoirs may act as sources of infection for livestock in some areas, and therefore could hamper disease control programmes. A possible link between the presence of livestock in the past and subsequent detection of Mycobacterium tuberculosis complex strains in boar and deer current big game was established in our study area by [11] . Because TB is extremely difficult to eradicate from wildlife once established, the priority is to clearly identify the route of transmission to cattle, and then control it. Although activities are now clearly segregated across the majority of estates, extensive livestock production (cattle, goats and swine) in marginal areas of SCS Spain still overlaps with those devoted to hunting. Our results suggest that indirect transmission of TB in grazing areas across the livestockgame interface is likely to occur. Game ungulates that can easily cross fences may play an important role in transmission at the wildlife/livestock interface. Foraging excursions of livestock into woodlands devoted to hunting (a practice still common in some marginal lands in SCS) may also be a route of transmission between big game and domestic livestock. As mentioned above, watering sites for domestic livestock may also attract wild ungulates, especially during the dry season, with subsequent enhanced opportunities for infectious interactions. Investigations into the patterns of dissemination of bacilli in the environment and the mode of transmission of infection between wild ungulates and livestock are research priorities. The development of effective and sustainable TB management policies will need to take account of the relationships between estate husbandry practices and the transmission of infection at the large game-domestic livestock interface.
